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nanocomposites cross-linked by glutaraldehyde
and optimization by response surface methodology
for lead removal from aqueous solution
Piyali Roy Choudhury, Priyanka Mondal and Swachchha Majumdar*
A novel nanocomposite (BT–HAp) was developed by chemical synthesis using hydroxyapatite nanoparticles
and bentonite clay andwas further applied for toxic lead (Pb) removal from aqueous solution. Three types of
bentonite clay based nanocomposites were prepared by varying the pH of the solution (3, 7 and 10) with the
addition of glutaraldehyde as a cross-linking agent. The formation and performance of the prepared BT–
HAps are described herein. Clear and sharp XRD peaks suggested the presence of hydroxyapatite and
bentonite clay compounds in the composite. The FTIR spectra conﬁrmed the existence of the functional
groups required to develop the nanocomposite. The Bt–HAp nanocomposites were also characterized in
terms of BET, FESEM and TEM etc. to establish their formation. The nanocomposite synthesized at pH 7
showed a higher sorption capacity than those at pH 3 and 10. A mathematical and statistical optimizing
technique (response surface methodology) was applied to verify the interactive eﬀects of various
parameters on the sorption capacity. The analysis of variance was discussed for the factors and response
and conﬁrmed the signiﬁcance of the predicted model (R2 ¼ 0.9906). The Langmuir isotherm model
best represented the phenomenon having a sorption capacity of 346 mg g1 at 30 C. The sorption
mechanism was well described by the pseudo 2nd order kinetic model indicating the coexistence of both
physisorption and chemisorption. Moreover, a considerable amount of toxic Pb (99%) removal was
observed for the synthesized nanocomposite via sorption.1. Introduction
The application of nanoparticles for contaminated water treat-
ment has gained remarkable interest from the scientic
community recently. Metal oxide nanoparticles like Al2O3,
MnO2, MgO and TiO2 were used for heavy metal removal from
aqueous systems.1 Similarly, silver nanoparticles also gained
considerable attention due to their antimicrobial activity.2
Simeonidis et al. (2015) found that Fe magnetite nanoparticles
(20 nm) were able to remove toxic chromium from drinking
water.3 The removal capacity of Cr by the magnetic nano-
particles was 1.8 mg Cr(VI) mg1 for a residual concentration of
50 mg L1 at neutral pH.3 However, these nanoparticles have
some disadvantages in terms of the separation period and the
reusability of nanoparticles from treated water.4–7 Therefore, it
is of utmost importance to overcome these drawbacks to
produce clean water. Composite materials have gained consid-
erable research attention in recent years for the removal of toxic
contaminants from aqueous systems. These materials are easilylass and Ceramic Research Institute, 196,
, India. E-mail: swachchha@cgcri.res.in;
252
0848separable from ltered water due to their comparatively large
size. Nanocomposites consist of two or more components,
having at least one with nano-dimensions, and have diﬀerent
chemical and physical properties to their individual compo-
nents. The development of nanocomposites in combination
with nanoparticles (NPs) having superior properties, e.g. large
surface area, surface reactivity and high response to mechanical
stimuli, could be a possible solution to the disadvantages
associated with nanoparticles.8,9
A signicant threat occurs to the environment and public
health due to the discharge of heavy metals, especially Pb from
printing and textile industries or other sources, into bodies of
water.10 It can cause structural damage in the mammalian eye,
central nervous system and blood cells.11 Adsorption is a widely
used method for heavy metal remediation due to its simple and
economic operation process compared to other conventional
methods. In this context, Pb adsorption by nanocomposites
could be a feasible way to remediate toxic elements from
aqueous solution.12–17
The incorporation of natural and synthetic nanomaterials
into other functional groups to form a desired nanocomposite
with signicant performance has gained attention nowadays.
Several clay based nanocomposites containing nanoparticlesThis journal is © The Royal Society of Chemistry 2015
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View Article Onlineare reported for the removal of water contaminants. Chao et al.
(2015) reported that the adsorption characteristics are strongly
inuenced by the bentonite clay and the metal oxide nano-
composite.18 A new nanocomposite was developed from acid
activated clay to study the adsorption feasibility of crystal violet
dye.19 Bentonite clay composite materials are now widely
applied in water purication systems including heavy metal
adsorption, rather than for in situ applications, due to the
improved sorption time, eﬃciency and life cycle.19–23 A
bentonite clay based hydroxyapatite nanocomposite has not
been reported before now, although Kanno et al. (2014) sug-
gested that hydroxyapatite may be an alternative approach for
the removal of toxic contaminants.24 Very recently, the synthe-
sized hydroxyapatites have been combined with metal oxide
nanoparticles for potential application in water purication.25–27
It is well known that bentonite is a natural, low-cost clay
mineral and largely available material. Therefore, in this study
a new nanocomposite was developed combining bentonite with
a hydroxyapatite nanomaterial (BT–HAp). The inclusion of
a ceramic material such as bentonite clay improves the sorption
capacity as well as the mechanical properties of hydroxyapatite.
Glutaraldehyde is used as a cross-linking agent to adhere the
components in the composite. Additionally, it has disinfectant
properties with low toxicity and also enhances the mechanical
properties of nanocomposites.28 To the best of our knowledge,
reports are not available regarding bentonite clay based
hydroxyapatite nanocomposite synthesis and their application
as a sorbent for Pb removal from synthetic water.
Additionally, the eﬀect of diﬀerent independent variables on
the Pb sorption capacity has been optimized in this study.
Central Composite Design (CCD) is considered to design the
experimental data for the response surface methodology (RSM)
optimization method. Moreover, the relationship of the
response and independent variables such as the pH, initial Pb
concentration and dosage is established by statistical analysis.2. Experimental
2.1. Materials
Calcium nitrate tetrahydrate (Ca(NO3)2$4H2O) (99%), dia-
mmonium hydrogen phosphate ((NH4)2HPO4) (99%), ammonia
(NH3$H2O), glutaraldehyde and lead nitrate (Pb(NO3)2) (99%)
from Merck, Germany were used. Bentonite clay was obtained
from CSIR-CGCRI, Kolkata and used without further
purication.Fig. 1 Schematic of the nanocomposite preparation process with
changes in morphology.2.2. Synthesis of hydroxyapatite NPs
The HAp nanoparticle synthesis was conducted by the chemical
precipitation method with some modications.29 In brief,
according to a Ca/P ratio of 1.6 : 1, Ca(NO3)2 and (NH4)2HPO4
were dissolved separately in 100 mLMilli-Q water. Aqueous NH3
was used to maintain the pH of the solutions at 10. The solution
of Ca(NO3)2 was added dropwise into the (NH4)2HPO4 solution
with rapid stirring (250 rpm). Gelatin was added later as an
adhesive material during the precipitation. The greenish
precipitate was repeatedly washed to remove impurities such asThis journal is © The Royal Society of Chemistry 2015ammonia and its by-products. Subsequently, the green compact
was washed with Milli-Q water several times. The solid product
was oven dried at 50 C overnight and sintered at 1200 C for
2 h. Finally, the calcined HAp was powdered for application.2.3. Preparation of BT–HAp nanocomposite
An equal ratio (1 : 1) of bentonite clay and the synthesized
hydroxyapatite NPs was maintained for the nanocomposite
preparation. Both of the solutions (50 mL) were stirred sepa-
rately (250 rpm) in 250 mL beakers for 12 h. Hydroxyapatite
solution was then poured into the bentonite clay solution with
continuous stirring. Glutaraldehyde (6 to 100 mL) was added
dropwise to the mixture as a crosslinker. Three sets of experi-
ments were conducted at diﬀerent pH values of 3, 7 and 10. The
pH was adjusted using 0.1 N HCl and 0.1 N NaOH solutions. All
the solutions were stirred at 250 rpm for 12 h at room temper-
ature. A washing–centrifugation procedure was then followed to
obtain a neutral supernatant. Finally, the prepared BT–HAp
nanocomposite was dried at 60 C for 2 h and powdered by
grinding with a mortar and pestle. Fig. 1 shows the schematic of
the nanocomposite formation process with changes of
morphology. The prepared samples were stored in an airtight
container for further use.2.4. Experimental design
RSM is a well-known optimization approach that simultaneously
considers several parameters at diﬀerent design levels. Moreover,
thismathematical and statistical modeling tool is used to achieve
the desired product with a lower number of experiments without
the requirement of observing all probable combinations experi-
mentally.30–34 Central composite design was undertaken to
establish the relationship between the independent variables
with the response of the Pb sorption capacity. Two levels with
three factors (23) were employed in a series of experiments.
Design Expert soware was also used to express the regressionRSC Adv., 2015, 5, 100838–100848 | 100839
Table 1 Experimental range and levels (coded)
Independent variable Factor code
Range and level (coded)
1 0 +1
Dose, g L1 A 0.5 1 1.5
Initial Pb
concentration, mg L1
B 50 100 150
pH C 4.5 5 5.5
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View Article Onlinemodel and graphical analysis of the data. A coded level (1, 0, +1)
of variables, viz. nanocomposite dosage 0.5–1.5 g L1 (A), initial
Pb concentration 50–150 mg L1 (B) and initial solution pH
4.1–6.1 (C), was designed by CCD to study their eﬀects on the
sorption capacity (Table 1).
The quadratic model was designed by CCD and the response
variables were expressed as a function of the process variables.
In this method, a set of twenty experiments were conducted
(Table 2). The quadratic model for the optimum value calcula-
tion is represented below:
Y ¼ b0 þ
Xk
i¼1
bixi þ
Xk
i¼1
biixi
2 þ
X
i¼1
X
j¼iþ1
bijxixj (1)
where b0 is constant, bi, bii and bij are regression coeﬃcients
and xi and xj denote the independent variables. The predicted
response is represented as Y.35
In this study, the independent given variables were consid-
ered to be the pH, initial Pb concentration and nanocomposite
dosage, whereas the sorption capacity was a dependent experi-
mental response.Table 2 23 factorial design matrix and experimental response as sorptio
Run A: dose B: initial Pb conc. C: pH
1 0.50 50.00 4.50
2 1.00 156.00 5.00
3 1.50 50.00 5.50
4 0.50 50.00 5.50
5 1.50 150.00 5.50
6 1.00 100.00 5.00
7 1.50 50.00 4.50
8 1.00 100.00 5.00
9 1.84 100.00 5.00
10 1.00 100.00 5.84
11 1.00 100.00 5.00
12 0.20 80.00 4.00
13 0.50 150.00 4.50
14 1.50 150.00 4.00
15 1.00 100.00 5.00
16 1.00 50.00 5.00
17 1.00 100.00 5.00
18 1.00 100.00 5.00
19 1.00 100.00 4.16
20 0.50 150.00 5.50
100840 | RSC Adv., 2015, 5, 100838–1008482.5. Material characterization
The X-ray diﬀraction (XRD) analysis of the BT–HAp nano-
composite was performed using a Philips 1710 diﬀractometer
with Cu as the anode (Netherlands). The morphology of the
powdered sample was investigated using eld emission scan-
ning electron microscopy (FESEM, Gemini Zeiss Supra™, 35 VP
Model, Germany). Moreover, qualitative energy dispersive X-ray
spectroscopy (EDX, Leo S430I, UK and Carl Zeiss, SIGMA-
Germany) was used to detect the elements present in the
samples. Various functional groups were detected by Fourier
transform infrared spectroscopy (FTIR, Perkin-Elmer, USA). The
surface area was measured by the adsorption–desorption of
nitrogen using the multipoint Brunauer–Emmett–Teller (BET)
method with Quantachrome (USA). Transmission electron
micrographs (TEM, Technai G2 30ST-FEI, USA) and the particle
size distribution of the synthesized materials (Zetasizer,
Nanoseries, Malvern) were also used to understand the nature
of the synthesized powder. The solution pH was measured
using a pH meter (EUTECH, India). Aer the adsorption
processes, the Pb contaminated nanocomposites were also
characterized to identify any changes of functional groups or
morphology.2.6. Lead adsorption experiments
The adsorption study was carried out in batch mode. All solu-
tions were prepared using ultrapure water from the Millipore-Q
(USA) system. The synthetic solutions at diﬀerent concentra-
tions were prepared by diluting the standard Pb solution
(1000 mg L1) obtained by dissolving Pb(NO3)2 quantitatively in
Milli-Q water at room temperature. A sample of 10 mL volume
was collected at diﬀerent initial concentrations with a nano-
composite dose of 1 g L1. Adsorption studies were performed inn capacity (mg g1)
Response: sorption capacity,
actual value
Response: sorption capacity,
predicted value
98 94.78
68 68.10
99 98.46
98.5 99.05
70 70.59
97 97.72
99 100.25
96.7 97.72
98.2 96.96
96 95.15
97.5 97.72
84 86.09
68 67.16
70 70.5
98 97.72
99 100.37
97.3 97.72
97.5 97.72
95.5 93.52
71 70.88
This journal is © The Royal Society of Chemistry 2015
Fig. 2 XRD patterns of the nanocomposites for BT–HAp at (a) pH 3, (b)
pH 7 and (c) pH 10.
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View Article Onlinea batch reactor at 250 rpm using a magnetic stirrer for 24 h. The
pH, nanocomposite dosage and initial Pb concentration varia-
tions were conducted for eﬃcient Pb sorption studies. In addi-
tion, the Pb sorption was carried out at diﬀerent temperatures to
observe the eﬀect on the removal eﬃciency. The concentration of
Pb was measured by ion chromatography (881 Compact IC pro,
Metrohm). A repeatability study was carried out for all experi-
ments and the errors were found to be minimal. The sorption
capacity qe (mg g
1) and removal eﬃciency (R) were calculated
from the following equations:
qe ¼ V(C0  Ce)/m (2)
R ¼ (C0  Ce)/C0  100 (3)
where V is the volume of the solution (L), C0 and Ce are the
initial and equilibrium Pb concentration (mg L1) and m (g) is
the mass of the nanocomposite as adsorbent.2.7. Desorption study
The desorption study was accomplished in batch mode with 0.1
M ethylenediaminetetraacetic acid (EDTA), NaOH and HNO3.
The other conditions remained unchanged and about 0.01 g of
spent nanocomposite was taken for each solution. A desorption
study was carried out at 250 rpm for 180 minutes at 30 C. The
desorption eﬃciency was estimated from the following stan-
dard equation:
% desorption ¼ Cd/Ca  100 (4)
where Cd and Ca are the amount of metal ions desorbed and
adsorbed in mg L1.Fig. 3 FTIR spectra of the nanocomposites for: (a) pH 3, (b) pH 7, (c)
pH 10, (d) after sorption and (e) HAp NPs.3. Results and discussion
3.1. Characterization of nanocomposites
The XRD patterns of the BT–HAp nanocomposites are shown in
Fig. 2(a–c). The crystal phase obtained by XRD analysis clearly
shows an increase in crystallinity for the BT–HAp nano-
composite at pH 7 (Fig. 2(b)) compared to BT–HAp at pH 3 and
10 (Fig. 1a and c). This result demonstrated the highly crystal-
line structure of BT–HAp-7. The sharp and major peaks related
to HAp were observed at 25.94, 29.02, 31.89, 32.28, 33.0, 34.15,
39.93, 49.6 and 53.3 at 2q degrees. The positions and d-values
matched well with JCPDS no. 09-0432.26 However, the peaks at
2q ¼ 5.3, 24.5, 34.7 and 63.2 conrmed the presence of
bentonite clay in the composite. Similar ndings were reported
previously by T. S. Anirudhan et al., 2006.36 Therefore, the
formation of the nanocomposite BT–HAp was corroborated by
XRD analysis. The crystallite size was estimated by Scherrer’s
equation from the XRD pattern, D ¼ kl/b cos q, where the
constant k is 0.9–1, l is the X-ray wavelength, b is the full-width
half maximum and q is the Bragg’s angle. The crystallite sizes of
BT–HAp-3, 7 and 10 were 28.6 nm, 36.7 nm and 45.9 nm,
respectively.
In Fig. 3, the FTIR spectra a, b and c correspond to the
synthesized nanocomposites BT–HAp-3, -7, and -10. TheThis journal is © The Royal Society of Chemistry 2015functional groups of the composite material were present in the
above-mentioned three types of nanocomposite with variation
of the transmittance. The absorption bands at 3627–3630 cm1
were assigned to the hydroxyl group (–OH). The broad absorp-
tion bands at 3434 and 1633 cm1 may be attributed to the –OH
stretching and bending, respectively for the adsorption of water
molecules on the clay and hydroxyapatite surfaces. The chem-
ical cross-linker glutaraldehyde helped to attach the active
groups (e.g. aldehyde) of the HAp particles or clay mineral to
each other.37 Absorption bands at 1040–1044 cm1 signify the
presence of Si–O–Si bonds in BT–HAp. Additionally, another
form of silica was observed at 522–527 cm1 for the BT–HAp
nanocomposites prepared at pH 3, 7 and 10. The presence of the
typical vibrations of 6-membered rings combined with alumina
and silica-oxygen tetrahedral groups are at 633 cm1.38 The
–PO4 characteristic groups were assigned to the absorption
band at 1036–1043 cm1 which conrms the presence of
hydroxyapatite in the BT–HAp nanocomposite. In addition, theRSC Adv., 2015, 5, 100838–100848 | 100841
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View Article Onlineoccurrence of hydroxyapatite in the nanocomposite may be
veried by its absorption band in the FTIR spectra. Thus, the
above observation clearly indicates the formation of the BT–
HAp nanocomposite. Aer the sorption of Pb, the intensity was
shied and the reduced intensity of the OH1 group is shown in
Fig. 3(d). The change in the FTIR spectrum aer Pb sorption
clearly demonstrates that the Pb ions were adsorbed on the
BT–HAp surface due to electrostatic attractions which signies
the physical sorption process.39 The FESEM images (Fig. 4(a–e))
describe the surface morphology of the synthesized powder
before and aer the sorption process. Fig. 4(a) signies the
formation of nearly uniform spherical HAp nanoparticles with
the particle size of 35–40 nm. The EDX analysis associated with
FESEM was very useful to detect the elemental composition of
the nanocomposites. The EDX analysis (inset of Fig. 4(a))
conrmed the presence of calcium, phosphate and oxygen
elements in the HAp nanoparticles. From Fig. 4(b–d) the porous
surface of the nanocomposites and a particle size varying from
75–80 nm was observed. In Fig. 4(e), the micrograph reveals Pb
sorption on the nanocomposite surface and this was also
conrmed by EDX analysis (inset of Fig. 4(e)).
The bright eld TEM images conrmed the nanocomposite
size ranges from 50–80 nm with a porous surface (Fig. 5(a–c)).Fig. 4 FESEM and EDX spectra: (a) HAp nanoparticles, and (b)
BT–HAp-3, (c) BT–HAp-7 and (d) BT–HAp-10 nanocomposites; (e)
after sorption process.
100842 | RSC Adv., 2015, 5, 100838–100848The HRTEM images are presented in the inset of the TEM
images of the particular nanocomposite. The interlayer spacing
is equal to 0.294 nm of the BT–HAp-7 nanocomposite in the
HRTEM image, corresponding to the (211) plane. From the low
resolution TEM image, the characteristic crystalline spots were
obtained from the SAED pattern (Fig. 5(d–f)). The diﬀraction
rings and bright spots were due to the polycrystalline nature of
the nanocomposites. Very clear rings and spots of nanoparticles
suggested the formation of highly crystalline BT–HAp-7
(Fig. 5(e)). A similar observation was also made from the XRD
pattern.
The surface area was measured by absorption–desorption of
nitrogen by the multipoint BET method. Further chemical
treatment was not performed. The samples were degassed at
a temperature of 200 C for 2 h followed by ushing with helium
gas. The moisture content and unwanted air was removed from
the pores of the samples by helium degassing. The relative
pressure was maintained in the range of 0.05–0.3 to measure
the surface area. The surface area of BT–HAp decreased as the
pH of the solution increased (pH 3 – 21.89 m2 g1, pH 7 – 12.4
m2 g1, pH 10 – 11.9 m2 g1) and therefore, the maximum
surface area was obtained for BT–HAp-3. However, the particle
size of the nanocomposites behaves inversely to the surface area
and it increased with increasing solution pH. The crystallite size
is also observed earlier in the same pattern. The average pore
diameter and pore volume was determined by the Barrett–Joy-
ner–Halenda (BJH) method. It was observed that the pore
diameter and pore volume were much higher (e.g. BT–HAp-7:
522.9 A˚ and 0.1627 cm3 g1) which plays a signicant role for
the sorption of metal ions. From the intensity vs. particle
diameter plot, it was observed that the average particle size (d50)
of the nanoparticles was around 100 nm.
3.2. Response surface optimization: ANOVA result
According to the design matrix by CCD, ANOVA results from the
soware are listed in Table 3. A quadratic regression model
equation describing the sorption process resulting from the
ANOVA study can be expressed as follows:
Sorption capacity ¼ +97.72 + 1.29A  13.87B + 0.48C  1.04A2
 11.23B2  1.2C2 + 0.074AB
 1.51AC  0.14BC (5)
The above regression model shows the relation between the
response and the independent variables in terms of the coded
factor. It can be predicted from the equation that the dosage
and solution pH has a positive eﬀect on the adsorption and the
initial Pb2+ concentration has a negative eﬀect on the sorption
capacity. The highest order of the signicant eﬀect by the
diﬀerent independent variables and their interactions on the
sorption capacity is B and the lowest is AB. An ANOVA study was
performed to justify the signicance of the quadratic model.
The model F-value of 117.34 implies the signicance of the
model (Table 3). There was only 0.01% possibility of noise in the
predicted model. A good correlation was observed between the
experimental data and the predicted data. The multipleThis journal is © The Royal Society of Chemistry 2015
Fig. 5 TEM images of the BT–HAp nanocomposites: bright ﬁeld images of (a) BT–HAp-3, (b) BT–HAp-7 and (c) BT–HAp-10 with HRTEM in the
inset and (d–f) the corresponding SAED patterns.
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View Article Onlinecorrelation coeﬃcient (R2) was found to be 0.9906 which
implies that 99.06% of the variations of the sorption capacity
could be explained by the model. The ‘Pred R2’of 0.9051 was in
logical conformity with the ‘Adj R2’ of 0.9822.
3.3. Interactive eﬀect of variables on the sorption capacity
The eﬀect of experimental variables and the response of the
sorption capacity were analyzed which was designed by CCDThis journal is © The Royal Society of Chemistry 2015with a full factorial based on three factors. Table 4 represents
a comparative study on the Pb sorption capacity of the nano-
composites and their basic components with 100 mg L1 initial
Pb solution at pH 7. The maximum sorption capacity was found
for the BT–HAp-7 nanocomposite (97.94 mg g1) compared to
BT–HAp-3 (95 mg g1) and BT–HAp-10 (93 mg g1) as shown in
Table 4. Hence, all the sorption experiments were carried out for
the most promising BT–HAp-7 nanocomposite. AlthoughRSC Adv., 2015, 5, 100838–100848 | 100843
Table 3 ANOVA for the quadratic modela
Source Sum of squares Degree of freedom (df) Mean square F-value Probability > F
Coeﬃcient
estimate
Model 2973.11 9 330.35 117.34 <0.0001 —
A 17.08 1 17.08 6.07 0.0335 1.29
B 1911.58 1 1911.58 679.01 <0.0001 13.87
C 3.61 1 3.61 1.28 0.2841 0.48
AB 0.041 1 0.041 0.015 0.9059 0.074
AC 30.09 1 30.09 10.69 0.0084 1.51
BC 0.18 1 0.18 0.062 0.8082 0.14
A2 9.91 1 9.91 3.52 0.0900 1.04
B2 575.49 1 575.49 204.42 <0.0001 11.23
C2 30.77 1 30.77 10.93 0.0079 1.20
a R2 ¼ 0.9906, Adj R2 ¼ 0.9822, Pred R2 ¼ 0.9051.
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View Article Onlinebentonite clay (78 mg g1) and HAp nanoparticles (83 mg g1)
did not show good sorption capacity individually compared to
the BT–HAp nanocomposite, the combination of these two
components was explored for their potential capacity. It was
reported that the particle sizes inuence the sorption process
noticeably during the in situ application of nanoparticles.40
Results show that, although the BT–HAp-7 nanocomposite has
less surface area than BT–HAp-3, it has better adsorption
properties than BT–HAp-3. Therefore, the particle size was not
solely responsible for the sorption capacity. The Pb solution was
possibly able to diﬀuse through the particles and a poor
correlation might be obtained for the external surface,Table 4 Comparative study of lead sorption capacity
Sorbent Adsorption capacity, mg g1
BT–HAp-3 95
BT–HAp-7 97.94
BT–HAp-10 93
Bentonite clay powder 78
HAp nanopowder 83
Fig. 6 Contour plots demonstrating the eﬀect of independent variables o
(c) initial Pb conc. vs. pH.
100844 | RSC Adv., 2015, 5, 100838–100848suggesting that the particle size was not the prime parameter
controlling the equilibrium sorption. However, at equilibrium,
the sorption capacity and specic surface area were not directly
proportional to each other.17 Fig. 6(a) reveals the combined
eﬀect of the dose corresponding to the initial Pb concentration
on the sorption capacity of the nanocomposites in a contour
plot. In this plot, we observed that the sorption capacity
increased with increasing dosage whereas, at the same time
under the equivalent experimental conditions, the sorption
capacity decreased with increasing Pb concentration. The
sorption capacity was reduced from 99.4 to 75% with increasing
Pb concentration from 50 to 150 mg L1 with 1 mg L1 dose.
Therefore, the metal ion uptake by the nanocomposite was
reduced by the decreasing driving force in the form of the
concentration gradient. On the other hand the sorption capacity
was enhanced with the increasing dosage of the nanocomposite
due to the attachment of Pb to the higher surface area of the
nanocomposites.
The combined eﬀect of the dose and the solution pH on Pb
removal are shown in Fig. 6(b). It was observed that the sorption
capacity increases with increasing nanocomposite dosage. It
was also found by the quadratic model that the dose parametern the sorption capacity. (a) Dose vs. initial Pb conc., (b) dose vs. pH and
This journal is © The Royal Society of Chemistry 2015
Table 5 Numerical optimization of the experiment: 10 solutions with
a desirability of 1
A (dose,
g L1)
B (initial Pb
concentration, mg L1) C (pH)
R1 (sorption
capacity, mg g1)
0.80 97.33 5.13 97.9469
1.01 149.53 4.66 72.2151
0.65 99.96 4.74 95.1846
0.53 87.31 4.77 97.2562
0.76 100.15 4.83 96.2751
0.79 98.81 5.36 97.5142
0.69 128.46 5.15 85.2497
1.34 93.27 5.43 98.4342
1.10 111.00 5.50 93.3238
0.60 94.23 5.43 98.0828
Paper RSC Advances
Pu
bl
ish
ed
 o
n 
10
 N
ov
em
be
r 2
01
5.
 D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
TY
 O
F 
N
EB
RA
SK
A
 o
n 
26
/1
1/
20
15
 2
0:
30
:4
1.
 
View Article Onlinehas a positive eﬀect on the sorption capacity. However, a change
in the sorption capacity beyond 1 g L1 dose considering 100mg
L1 Pb2+ concentration was insignicant. Therefore, the
optimum dose was considered to be 1 g L1 with the equivalent
experimental conditions. The solution pH is an important
factor that signicantly inuences the sorption capacity or
removal eﬃciency. The contour plot revealed that the sorption
capacity increases from 96% to 99.4% upon increasing the pH
from 4.5 to 5. However, the sorption capacity decreases from
99.48 to 97.8% upon changing the pH from pH 5 to 5.5. At
a lower pH (<5), the BT–HAp nanocomposite surfaces become
positively charged due to the higher H+ ion concentration,
resulting in a lower sorption capacity due to repulsion between
the positively charged nanocomposite surface and Pb2+. The
solution favored a higher sorption capacity at pH 5 due to an
electrostatic attraction between the negatively charged BT–HAp
nanocomposite surface and the Pb2+, although beyond this pH
the sorption experiment was unsuccessful due to precipitation
of Pb as lead hydroxide.41 Hence, selection of an exact pH is very
important and in this study the optimum pH was found to be 5
by response surface methodology.
The pH has a positive eﬀect on the sorption capacity (eqn
(5)). Fig. 6(c) represents the collective eﬀect of the pH and initial
Pb concentration on the sorption capacity. The sorption
capacity decreases from 99.4 to 75% with increasing Pb
concentration from 50 to 150 mg L1 by applying a 1 g L1 dose
at pH 5. The nanocomposites’ active sites were enclosed by
more Pb ions and became saturated when a higher Pb
concentration was used and therefore, the sorption capacity
decreased.42 Similar observations were also found for other pH
values.3.4. Validation and conrmation of the model
Validation is a technique of RSM that is used to check the
accuracy of the predicted model and the corresponding resultsFig. 7 Validity of the model: actual vs. predicted plot.
This journal is © The Royal Society of Chemistry 2015are shown in Table 2. Assessment of the experimental test and
predicted ndings conrms similar responses (Fig. 7). The
soware was allowed to select the targeted goal for factors or
responses from numerical optimization. In this study, the
factors were within the range and based on the corresponding
10 optimum conditions, the sorption capacities were about
97.94 mg g1 with 0.95% deviation from the experimental
values. From 10 optimum conditions in the numerical optimi-
zation method, the desirability as an objective function was
found to be 1 by considering the desired goals (Table 5).
Therefore, the regression model successfully explained the
process with high accuracy and is reliable for predicting the
sorption capacity.323.5. Adsorption isotherm and kinetics
A sorption capacity estimation is necessary to ascertain the
amount of sorbent required for the potential removal of heavy
metals such as Pb from aqueous solution. An adsorption
isotherm study was conducted by varying the Pb concentration
from 50 to 150 mg L1 with a dosage of 1 g L1 for 24 h contact
time. The temperature was varied as 20, 30 and 50 C to conduct
the isotherm study.
The equilibrium data was further analyzed by the Langmuir
and Freundlich isotherm models to understand the sorption
behavior. The Langmuir model is based on monolayer coverage
with homogeneous surface sites whereas the Freundlich model
is applicable only for highly heterogeneous surfaces.43,44 Table 6
represents the results of the isotherm model and we observed
that the Langmuir model tted well with the correlation coef-
cient (R2) of 0.99. The higher n value indicates the favorableTable 6 Langmuir and Freundlich isothermmodel parameters for lead
sorption
Langmuir model Freundlich model
R2
qm
(mg g1)
KL
(L mg1) R2
KF mg g
1
(mg L1)n n
0.99 346 0.015 0.97 2.6 1.39
RSC Adv., 2015, 5, 100838–100848 | 100845
Table 7 Adsorption capacity of various nanocomposite
Nanocomposite Adsorption capacity, mg g1 References
AC–HAp 9–14 M. S. Fernando et al.45 DOI: 10.1016/j.apsusc.2015.05.092
SWCNTs/WSh 185.2 S. Saadat et al.46 DOI: 10.1016/j.jece.2014.08.024
Poly(o-phenylenediamine)/
reduced graphene oxide
228 L. Yang et al.47 DOI: 10.1016/j.apsusc.2014.04.083
Silica nanopowders/alginate 83.33 R. D. C. Soltani et al.48 DOI: 10.1016/j.jtice.2013.09.014
BT–HAp 346 This study
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View Article Onlineconditions of the adsorbate on the sorbent surface. The Pb
monolayer was bonded with the functional groups of the BT–
HAp-7 nanocomposite during sorption. The maximum sorption
capacity was found to be 346 mg g1 and that was signicantly
higher compared to the other materials shown in Table 7.
Pseudo kinetic models were studied to observe the sorption
mechanism. The pseudo 1st order and 2nd order kinetic models
with empirical equations were used to determine the rate
kinetics.49 It was observed that the sorption capacity was very
fast within the rst 15 minutes but aer that the process
became slower before reaching equilibrium. The pseudo 2nd
order model tted best, with a linear regression correlation
coeﬃcient (R2) value of 0.999. The rate constant (k2) value
indicated the chemisorption process of Pb ions on the nano-
composite surface.503.6. Desorption study of the nanocomposites
The adsorbents were loaded with toxic heavy metals which
generates environmentally hazardous solid spent waste.
Therefore, the regeneration of spent materials can make the
process cost-eﬀective. A desorption study was conducted using
EDTA, HNO3 and NaOH solution. A maximum desorption of
about 64% from spent nanocomposites containing 97 mg g1 of
Pb was observed using EDTA solution whereas only 0.12 and
0.01% desorption was observed for HNO3 and NaOH, respec-
tively at 60 minutes contact time. Equilibrium was reached aer
120 minutes with constant stirring. Three consecutive sorption–
desorption cycles were performed and the sorption capacity of
the nanocomposite decreased about 12–16% during this period.
Y. Ren et al. (2012) hypothesized that the sorption–desorption
process involved complexation, physisorption and ion exchange
reactions.50 However, the reason behind the improved desorp-
tion eﬃciency of EDTA solutions can be explained by the reac-
tion of loosely bound Pb2+ with EDTA, that produced a stable
lead acetate complex and desorbed quickly. Therefore, the
nanocomposites were regenerated for further use.514. Conclusions
The nanocomposite (BT–HAp) was successfully synthesized
from bentonite clay and hydroxyapatite by chemical synthesis.
The novelty of this work lies in the development of three
diﬀerent nanocomposites from clay and HAp powder having
distinguishing properties. Additionally, the novel nano-
composites can potentially be applied for toxic heavy metal (Pb)100846 | RSC Adv., 2015, 5, 100838–100848remediation. A very simple synthesis process is discussed in this
report, where the rawmaterials are of very low-cost. Hence there
is a possibility to scale-up the process in a cost-eﬀective manner
with less hazardous components. The BT–HAp nanocomposite
was synthesized at neutral pH which is very signicant for
application in natural conditions and the minimal use of
chemicals makes the process environmentally friendly. The
formation of the BT–HAp nanocomposite was conrmed
through XRD, FTIR, FESEM, EDX and TEM analyses. BT–HAp-7
was established as a potential sorbent having a lower surface
area than BT–HAp-3. This observation indicated that the
external surface was not the main parameter for sorption. The
ANOVA results showed that the optimization of Pb sorption on
the nanocomposites by RSM was in good agreement with the
experimental results under the optimized conditions. The
multiple correlation coeﬃcient (R2¼ 0.9906) value also justied
the above observations. The model designed by CCD describes
the sorption process well, where the sorbent dose and the pH
have a positive eﬀect. However, the initial Pb concentration had
a negative eﬀect on the sorption process. The numerical opti-
mization method showed that the Pb sorption capacity of the
nanocomposites was about 97.94 mg g1. The sorption process
ts well with the Langmuir isotherm model and signies
monolayer Pb sorption on the nanocomposite surface. The
sorption mechanism of the nanocomposite was also well
explained by the pseudo 2nd order model, which indicated
chemisorption. In summary, the experimental and theoretical
results suggest that the BT–HAp nanocomposite could be
a potential, low-cost sorbent for heavy metal remediation from
wastewater from an environmentally friendly approach.Acknowledgements
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